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ABSTRACT 

Star formation is one of the most important processes in galaxy formation. 
The luminosity of Ha recombination and [O II]A3728 forbidden emissions re- 
main to be most used in measuring formation rate of massive stars in galax- 
ies. Here we report the inclination dependency of continuum-subtracted and 
aperture-corrected nebular luminosities, including Ha, H/3, H7, [O II], [N II], 
of disk-dominated galaxies in the local universe. Their luminosities decrease by 
a factor of three from face-on to edge-on (axis ratio limit = 0.17) orientations. 
This dependence is deduced to be caused by extinction due to diffuse dust within 
the disks with an amplitude of 1.2 mag. The line-luminosity-inclination rela- 
tion provides a novel way to remove extinction in emission lines and present star 
formation rate of disk galaxies out to redshift of 1.6. 



Subject headings: galaxies: fundamental parameters 
— methods: data analysis 



techniques: spectroscopic 



1. Motivation 

Star formation is one of the most important phenomena during the formation of a 
galaxy. To measure the star formation rate (SFR), the luminosities of both Ha and [O II 



are u sed because they depend on the ionizing photon luminosity ( e.g., Eqn. 2 o f iKennicutt 



19981 ). The radiation from massive stars, taken to be a blackbody ( lZanstralll927l ) and deter- 
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( 2000 ): Driver et al.l (120071): IShao et al.l (120071): iHolwerda et all (120071): Unterborn fc Ryden 



(l2008yBailin fc Harri j J2008I) : iMaller et al.N 2009l): 



Masters et al.l ( l2010[ ): IConrov et al.l ( l2010h : 



Wild et al.l ( 120111 ) and lYip et al.l (|2010l hereafter Paper I)). It is therefore critical to get SFR 
free from extinction. 

The extinction correction to the spectral energy distribution of disk galaxies can be de- 
composed into two terms: th e inclination-dependent and -independent (e.g., face-on) correc- 
tions (see lDriver et al.ll2008l ). While the inclination dependency of optical s t ellar continuum 



20081 : iMaller et al.l 120091 : lYip et al 



in disk galaxies is establ i shed (iDriyer et al.ll2007l : lUnterborn fc Rydenll2008l : iBailin fc Harris 



20101). that of individual nebular emissions is still lack- 



ing. The goal of this Letter is to determine the inclination correction to individual nebular 
emissions and therefore SFR of disk galaxies. We quantify the luminosity of the Ha, H/3, 
H7 recombination lines, and the [O II], [N II] forbidden lines, as a function of inclination 
for a sample of local disk-dominated galaxies. The line-luminosity-inclination relation can 
be used to remove inclination- dependent extinction of disk galaxies. 



2. Analysis 



Our sample is composed of galaxies from the Sloan Digita l Sky Survey (SDSS. lYork et al. 



2OOOI ) Data Release 6 (DR6. lAdelman-McCarthy et al.ll2008l ) that are morphologically disk 
dominated and spectroscopically star forming. The selection criteria were described in detail 
in Paper I. To summarize the key characteristics, the sample is (1) within redshifts from 
0.065 to 0.075; (2) within r-band Petrosian absolute magnitudes from -19.5 to -22; (3) 
volume limited, in avoiding the Malmquist bias and (4) showing a uniform distribution of 
inclination, in avoiding bias in galaxy properties from one inclination to the next. Following 
Paper I, the inclination of a galaxy is prox ied by its r-b and axis ratio, with the consideration 
that the average ellipticity is small (16%. lRydenll2004l ). 



To quantify the line luminosity as a function of inclination, we first construct high signal- 
to-noise composite spectrum, at a spectral resolution of 70 km s~^, in bins of inclination 
(Table [2]). We then measure the continuum-subtracted line luminosities in the composites. 
The methodologies in continuum estimation and line fitting were discussed in Paper I. Finally, 
we apply an aperture correction to obtain line luminosities that are expected from the whole 
galaxies. The correction is specifically developed in this work for the purpose of inclination 
studies with fiber spectroscopy. 



The SDSS spectra of the galaxies are downloaded through the Spectrum Services ( iDobos et al 



2OO4J ). Line luminosities are expressed in 10^° erg s ^, and the vacuum wavelength conven- 
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tion is used throughout the analysis. The flux-to-luminosity conversion made use of the 
cosmological parameters Qy = 0.73, Qm = 0.27, and h = 0.71. 



2.1. Aperture Correction 

The SDSS spectroscopic fiber is 1.5" in radius (rgber = 1-5"), which measures 0.5 half- 
light radius area on our disk galaxies (see Table [1] and §2.1.ip . A two-step procedure is 
developed to obtain line luminosities of the whole galaxies from the observed luminosities 
through the fiber. First, the fiber luminosity is converted to the central luminosity within 
a radius, rcircie, on the plane of a galaxy (hereafter, the step Fiber-to- Circle). Second, this 
central luminosity is converted to the luminosity of the whole galaxy (the step Circle-to- 
Total). 



2.1.1. Step 1: Fiber-to- Circle Correction 



When a disk galaxy is inclined, a circular spectroscopic fiber measures an elliptical 
area on the plane of the disk, rather than a circular area. The luminosity through the 
spectroscopic fiber is contributed not only from all of the isophotes within the radius rdrcie 
= ?"fiber on the plane of the galaxy. Light from isophotes that lie within an ellipse - which is 
the fiber aperture projected on the plane of the disk - also contribute. The minor and major 
axes of this ellipse are respectively rgber and rfiber/(&/a)- Therefore, to obtain the central 
luminosity within rcircie, the luminosity outside of this circle, but within the ellipse, would 
needed to be subtracted from the fiber luminosity. This "luminosity excess" increases with 
inclination, and is zero for face-on galaxies. 

To quantify this e xcess, t h e radi al distribution of in si t u Ha lumin osity is needed. We 
adopt the findings by iHodgd (Il969l ). iHodge fc KennicuttI (119831 ) and lAthanassoula et al. 
(119931 ). These authors found in the Ha luminosity an exponential dependence with ra- 
dius, separately in two disk galaxy samples. For the half-light radius of the Ha profile, we 
adopt the ratio between the half-light radius of Ha and that of the /-band in field spirals 
( iKoopmann et al.ll2006l ). The ratio involving the / band is used because we can then use the 
half-light radius in the SDSS z band as a surrogate given their similar effective wavelengths, 
respectively 8062 A and 8931 A. The ratio is 



reff,Ha(l) 



1.33 ±0.08 
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and with a sample scatter of 0.52. The bracket denotes the inchnation, that is face-on in this 
case. Similar to Paper I, we fit to apparent size vs. inclination the formula: log^^Q [rcEip/a)] = 
logio ['^efr(l)] — /3 logio (V '^)- The results in Ta ble U show that the apparent size increases with 



2006: Mailer et al. 



inclination, found previo usly in other studies (IHuizinga &: van Albadalll992l : iMoUenhoff et al. 



2009 



Paper I), and shown here for the 5 SDSS bands u, g, r, i, z. The 
face-on half-light radius of the galaxies increases toward shorter wavelengths, consistent with 
the galaxies being dusty. As such, an extinction radial gradient causes an increase in the 
apparent half-light radius; and the extinction amplitude is larger toward shorter wavelengths. 
The average z band half-light radius of our galaxies, as required in Eqn. [H is 2.89" (Tabled]). 

A numerical integration is then used to calculate the Fiber-to-Circle luminosity, i?Fiber-to-circie(&/ a), 
where the surface brightness of Ha follows an exponential profile (see Eqn. H] below) with 
the half-light radius derived above. The luminosity ratio is fully determined from the axis 
ratio of the galaxy, the Ha half-light radius, and the spectroscopic fiber radius rfiber- We 
find i?Fiber-to-circic(&/a = 0.15) to be 2.7, decreases gradually as inclination decreases, and 
is unity at the face-on orientation. The value of -RFiber-to-circic(&/o) is tested to depend only 
mildly on the Ha-to-continuum half-light radius ratio, l ess than 5% chang e for s :j30% change 
in this ratio (correspond to 1.33 ± sample scatter from iKoopmann et al.l (120061 )). 



2.1.2. Step 2: Circle-to- Total Correction 

We calculate in this step the Circle-to- Total Ha luminosity by considering the total 
luminosity inside a radius r in a galaxy with exponential Ha profile: 



r 

L{r) = I I{r)2Tcrdr , (2) 







2vr/o 



— r-- +^ 
a \ a a" 



(3) 



where /(r) = Jq exp(ar), and a = — 1.68/refr,Ha^. The total luminosity, L(oo), is 27r/o/a^. 
The Circle-to- Total luminosity, L(r = rcircie = 1.5")/L(oo), can therefore be fully determined 
from the Ha half-light radius and the fiber radius only. The Circle-to- Total Ha luminosity 
is determined to be 14.0%, or -Rcircie— to— Total ~ 

0.14. 

Combining both corrections, the aperture-corrected line luminosity is finally 

LToUh/a) = . (4) 

-KFiber-to-Circle(,0/ X -Kcircle-to-Total 
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3. Nebular Luminosity & Present Star Formation Rate as a function of 

Inclination 

The dependence of Ha, H/3, H7, [O II] and [N II] luminosities on inclination are shown 
in Figure [Hand tabulated in Table [2l Their luminosities decrease with inclination. We deduce 
that this line-luminosity-inclination trend is caused by the presence of diffuse dust in the disk. 
The reasons are twofold. Firstly, the geometry of the dust localized to the H II regions is not 
expected to correlate with the disk inclination. Secondly, the relative extinction in the line 
luminosities is 1.2 mag, calculated from the factor of three luminosity dr op in the observed 
inclination range. This value is co nsistent with the extinction in disks (jPriver et al.l 120071 : 
Mailer et al.ll2009t lYip et al.ll2010l ). all being derived through the inclination dependency of 
stellar continuum. 

Fitting the luminosities with a log^Q(fe/a) dependence 



logio [L{h/a)] - logio [^(1)] = -V log?o(V«) 



(5) 



gives 7] in the 0.9 — 1.1 range for these emission lines. The small range of rj values is a 
manifestation of these lines arisen from same H II regions. The ratio of H II region emissions 
is, therefore, expected to remain constant with inclination (e.g., the constancy of Balmer 
decrement in Paper I). 



We use the calibrations in iKennicuttI ( 119981 ) to derive the present SFR due to 0/B stars 
from the line luminosities. The calibrations are 



SFR 



ma 



1.27 X 1041 erg s' 



for Ha emission, and 



(6) 



SFR 



^[OII] 



7.14 X 10^0 grg s- 



(7) 



for [O II] emission. The derived Ha SFR are shown on the right y-axis of Figure [2l The 
average SFR for our disk galaxies is about 1.1 Mq yr~^. The SFR agree well in both the 
Ha and the [O II] lines, as shown in Figure El in the inclination-to-inclination basis. This 
agreement is expected if the Ha and [O II] emissions arise from the same H II regions and 
hence the same inclination dependency. In principle, there could be H II regions embedded 
within the disks that cannot be observed. The nebular luminosities, and hence the present 
SFR, are lower limits. 
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Combining Eqn. [5] with Eqn. |6] and U\ the present SFR derived from Ha follow this 
relation 



logio [SFR(l)] = logio [SFR(Va)] + 0.89 logl,{b/a) 



(8) 



and similarly for the [O II]-derived SFR, 



logio [SFR(l)] = logio [SFR(&/«)] + 0.91 \ogl,{b/a) 



(9) 



As in line luminosities, the SFR decreases by a factor of three from face-on to edge-on 
(axis ratio limit being 0.17 in our sample) galaxies. We note that, although the derivation 
of the SFR-inclination relations uses the correlation between line luminosity and SFR, the 
relations themselves do not depend on the actual values of the proportional constants in 
Eqn. |6] and [3 



The [O II]/(Ha + [N II]) luminosit y ratio (Table El 



(Table E]), in good agreement with that by iKennicuttI (1l992 



is found here to be about 0.4 
in which the valu e is 0.4), and 



about a factor of two higher than the measurement by iHopkins et al.l ( l2003l . in which the 
value is 0.23). 



4. Summary 



We present the inclination dependency of the Ha, H/3, H7, [O II], [N II] nebular 
luminosities derived from a sample of disk galaxies in the local universe. The extinction 
is deduced to be caused by diffuse dust in the disks with an amplitude of 1.2 mag. The 
line-luminosity-inclination relation can be used to correct for extinction in S FR of inclined 
disk galaxies. The measuring of [O II ] luminosity in sky surveys - BOSS ( ISchlegel et al. 
2OO7I ). WiggleZ joiazebrook et al.lboOTh . PRIMUS jCoil et al.l[201ol ). to name a few - would 
make our approach to become valuable in studying star-forming disk galaxies out to redshift 
of 1.6. 

For the continuum-generating stars, the model-based face-on (i.e., inclination indepen- 
dent) extinction is in the optically thin regime (e.g.. Paper I). That for the H II region 
emissions is not determined in this work. We are investigating this question. 
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Table 1: Apparent size of the disk galaxies. 



broadband (3^ logio ('^es)^ r^^g (arc-second) '"fiber/'", 



1 b 
off 



u 


0.282 ±0.010 


0.550 ±0.004 


3.552 ±0.029 


0.422 ± 0.005 


9 


0.278 ±0.008 


0.508 ±0.003 


3.223 ±0.021 


0.465 ± 0.004 


r 


0.260 ±0.007 


0.485 ±0.003 


3.058 ±0.018 


0.491 ±0.004 


i 


0.240 ±0.007 


0.476 ± 0.003 


2.991 ±0.018 


0.501 ±0.004 


z 


0.231 ±0.007 


0.461 ±0.002 


2.889 ±0.017 


0.519 ±0.004 



Note. — Galaxy apparent size increases toward shorter wavelengths. 
"The best-fit coefScients in the adopted relation between the apparent half-light radius and the inclination. 

See gnu 

''The radius of the SDSS spectroscopic fibers, rfiber, is 1-5". 



Table 2: Emission luminosity and ratio as a function of inclination. 



h/a 


number 


[Oil] A 3728 


H7A 4341 


H/3A 4862 


[N11]A 6549 


HaA 6564 


[Nil] A 6585 


[OII]/(Ha + [Nil]) 


0.94 ±0.03 


429 


7.73 ± 0.59 


1.60 ±0.28 


3.81 ±0.39 


1.60 ±0.41 


14.36 ± 1.10 


4.85 ±0.58 


0.37 ±0.04 


0.85 ±0.03 


759 


8.31 ±0.37 


1.56 ±0.21 


3.76 ±0.28 


1.48 ±0.34 


14.22 ±0.78 


4.54 ±0.44 


0.41 ±0.03 


0.75 ±0.03 


736 


7.58 ± 0.37 


1.45 ±0.20 


3.49 ± 0.26 


1.40 ±0.33 


13.44 ±0.73 


4.31 ±0.43 


0.40 ±0.03 


0.65 ± 0.03 


729 


7.78 ± 0.37 


1.48 ± 0.20 


3.52 ±0.26 


1.45 ±0.32 


13.80 ±0.73 


4.39 ± 0.41 


0.40 ± 0.03 


0.55 ± 0.03 


783 


6.96 ± 0.31 


1.29 ±0.16 


3.10 ±0.21 


1.21 ±0.28 


12.31 ±0.59 


3.82 ± 0.34 


0.40 ± 0J12 


0.45 ± 0.03 


806 


6.59 ± 0.26 


1.17 ±0.14 


2.80 ±0.18 


1.18 ±0.26 


11.51 ±0.51 


3.56 ± 0.32 


0.41 ± 0.p2 


0.35 ± 0.03 


942 


4.99 ±0.18 


0.89 ±0.11 


2.13 ±0.14 


0.91 ±0.21 


9.34 ± 0.37 


2.87 ±0.24 


0.38 ± 0.02 


0.25 ±0.03 


828 


3.53 ±0.12 


0.57 ±0.07 


1.43 ±0.09 


0.64 ±0.15 


6.67 ±0.25 


2.02 ±0.17 


0.38 ±0.02 


0.17 ±0.02 


271 


2.38 ±0.13 


0.36 ± 0.06 


0.91 ±0.08 


0.40 ±0.12 


4.27 ±0.24 


1.29 ±0.14 


0.40 ± 0.03 



Note. — The luminosities are in units of 10^° erg s ^, ± one sigma uncertainty. 
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power index = 2.0 
r) = 1 .00 ± 0.03 
log L(1) = 0.18 + 0.008 
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[Nil] A6585 
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Fig. 1. — The nebular luminosities (± one sigma uncertainty) of the disk galaxies as a 
function of inchnation. The solid line is the best-fit relation log^Q [L{b/a)] — log^o [^(1)] = 
—rj logio(&/a)- The legend shows the best- fit coefficients. 
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Fig. 2. — The Ha luminosity (± one sigma uncertainty) of the disk galaxies as a function of 
inclination. The right y-axis shows the present SFR, converted from using Eqn. O The 
luminosity and SFR decrease by about a factor of three from face-on to edge-on orientations. 
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Fig. 3. — The derived SFR using [O II] and Ha agree well on the inchnation-to-inchnation 
basis. 



